Background
Hodgkin and Reed-Sternberg (H&RS) cells are believed to represent the malignant cell population in Hodgkin's disease due to their ability to disseminate, their multinuclearity and the results of cytogenetic studies showing aneuploidy and clonality [1] . Due to their scarcity in affected tissues, studies aimed at the biologic and molecular characterization of H&RS cells have been difficult to perform and have yielded conflicting results. However, these conflicting results may also be due to the biological and clinical heterogeneity of the disease. Only studies at the level of a single H & RS cell will be able to solve the numerous open questions in Hodgkin's disease [2, 3] . Recent advances in molecular biology, especially the development of the polymerase chain reaction (PCR) by Mullis [4] , enabled scientists to study molecular events at the single-cell level [5, 6] . Our group has applied these techniques to the study of Hodgkin's disease and presented the first results at the 2nd International Symposium on Hodgkin's disease [7] . Since then, numerous questions have been addressed with the novel techniques developed by our group [8] . This article summarizes the technical details for the analysis of genomic DNA and gene expression at the level of single H & RS cells.
Materials and methods

Isolation of H & RS cells for DNA and RNA analysis
Fresh lymph nodes from patients with Hodgkin's disease are dissected into small pieces with sterile needles. The H & RS cells are isolated by density gradient centrifugation (Ficoll Paque, Pharmacia, Freiburg, Germany) for 30 minutes together with the fraction of mononuclear cells. After fixation for 20 minutes in a solution of paraformaldehyde (3% w/v), the suspension is cytocentrifuged onto glass slides and stained for the presence of the CD 30 antigen with the alkaline-phosphatase-anti-alkaline-phosphatase-assay (APAAP) [9] using purified monoclonal antibody HRS-4. For RNA-analysis, cell suspensions are washed after centrifugation, incubated with anti-CD30-antibody and resuspended in PBS. H&RS cells are identified according to morphological criteria like size, prominent nucleoli, multiple nuclei in the case of Reed-Sternberg cells as well as positive staining for the CD 30 antigen. Single cells are picked with glass capillaries using a micromanipulator (Eppendorf, Hamburg, Germany) coupled to a Pixel! system (Stoelting, Chicago, U.SA.), transferred into reaction tubes and digested with proteinase K in the case of DNA-analysis.
PCR for the detection of IgH gene rearrangement
A mixture of six VH primers, two consensus JH primers in a final concentration of 15 nM each, 200 u,m of each dNTP, 2 mM MgCl 2 and 1 U Taq DNA polymerase (Goldstar, Eurogentec, Belgium) in 30 |il 1 x PCR reaction buffer is added to the cells. The six different VH primers correspond to consensus sequences of the 6 different VH-families in the framework region I (V1-5CTCAGTGAAG-GT(TC)TCCTGCAAGGC3'; V2-5GTCCTGCGCTGGTGAAA-(GCHXACAC3'; V3-5GGGTCCCTGAGACTCTCCTGTGCA-G3'; V4-5'CCTGTCCCTCACCTGC(AG)CTGTC3'; V5-5AAA-AAGCCCGGGGAGTCTCTGA(AG)GA3'; V6-5CTGTGCCAT-CTCCGGGGACAGTG3'). The sequences of the JH primers used, one as consensus sequence for the segments Jl, 2, 4, 5 (5'GACT-CACCTGAGGAGACGGTGACC3) and one for the segments J3 and J6 (5'ACTTACCTGAGGAGACGGTGACC3) were determined according to the data published by Ravetch et al. [10] . The samples are subjected to 40 temperature cycles (95* 90 seconds, 65" 30 seconds, 72* 80 seconds) using a thermal cycler (Biometra, Gottingen, Germany). In a second PCR amplification, 1 |il of each sample was added to each of a set of six vials, containing only one of the VH primers each, and six nested JH primers (J1-5CGTCGTC-GACAGGGTGCCCTGGCCCCAGTGC3'; J2-5CGTCGTCGAC-AGGGTGCCACGGCCCCAGTGA3'; J3-5 CGTCGTCGACATT-GTCCCTTGGCCCCAGACATAC3'; J4-5 CGTCGTCAACCAC-GGTTCCTTGGCCCCAGTAG3'; J5-5CGTCGTCGACGTGAC-CAGGGTTCCTTGGCCCCAGG3'; J6-5CGTCGTCGACGTGG-TCCCTTGCCCCCAGACGTCC3') in a final concentration of 125 nM. The JH primers carry a restriction site printed in bold characters. All experiments are performed using a reaction tube without DNA as a negative control and tubes containing single cells from various cell lines derived from Burkitt's lymphoma (B61P27, K601, Raji, BL29, CA46) carrying different rearrangements as well as cells from the peripheral blood of patients with CLL (JU, MB, KB; Figure 2 ). All products are sequenced using a direct sequencing protocol (Cycle Sequencing, Biozym Germany) to prove specificity.
Single-cell-cDNA-syn thesis cDNA synthesis was performed as described [5, 8, 11) . Briefly, H & RS cells are dropped into an Eppendorf tube containing 4 | *1 of 1st Comp buffer (NP-40 25%, 10 umol dNTPS, 10 nmol dtl8-primer, RNAse-inhibitors), reverse transcriptase (Gibco, Karlsruhe, Germany) is added and a polyA-tail is subsequently added to the cDNAs with terminal transferase (Boehringer Mannheim, Mannheim, Germany). The tailed cDNAs are amplified by PCR with a single primer (NotI-dT18-primer [18] ; Figure 3 ). The amplification is carried out for 50 cycles, and products are separated on an agarose gel resulting in a diffuse smear of 300-800 bp length. The detection of specific cDNAs within the global polyA-PCR is possible by a second sequence-specific amplification with primers close to the 3'-region of the genes of interest fi-actin and restin-primers result in amplification products of 239 and 269 bp, respectively (Figure 4 ). Representative PCR products are cloned and sequenced to prove specificity.
Results
DNA-PCR
We have extended our previous analysis of immunoglobulin heavy chain (IgH) rearrangements in single H&RS cells [12] to a new series of 10 cases of Hodgkin's disease. Lymphocyte-predominant histology was excluded from this analysis. None of these cases showed expression of T-or B-cell associated antigens. Cells from cell lines and CLL with rearrangements of all known variable heavy chain (VH) families were included a positive controls (Figure 2) . The amplification efficiency was approx. 70%, i.e., on average 7 out of 10 cells gave bands of the appropriate size after seminested PCR-amplification. Representative bands were excised and sequenced to prove specificity and exclude contamination. Rearrangements were not detected in any of the single H & RS cells examined, confirming our previous observation that these rearrangements are rare events in T-and B-antigen negative classical Hodgkin's disease. We have previously shown that T-cell receptor gamma gene rearrangements do not occur in single H & RS cells from the same cases [13] . IgH rearrangements were detected in two cases of classical nodular paragranuloma.
Analysis of EBV-specific sequences in single H&RS cells [14] had previously confirmed the specificity of our selection approach since all H & RS cells from EBV positive cases gave positive PCR results, whereas lymphocytes from the same cases as well as H&RS cells from EBV negative cases never gave positive signals. N-ras mutations for codons 12/13 and 
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Agarose Gel Figure 3 . PolyA PCR and amplification of specific sequences. Schematic representation of the steps involved in generation polyA-PCR-products from small samples. Tailed polyadenylated cDNA is amplified by a one-primer PCR, and products are either separated on an agarose gel and transferred to nylon membranes for Southern blot analysis, or taken directly into specific PCR reactions or used for cloning to generate single cell libraries.
61 were not demonstrated in single H & RS cells of 10 they play a role in the pathogenesis of Hodgkin's disease as has been suggested before [16] .
RNA-PCR
We have utilized a global PCR system called polyA-PCR [5, 17] to analyze the expression of numerous genes in single H&RS cells. In our initial analysis, a panel of cDNA-probes was used to probe for the presence of specific genes [7, 11, 18] . This analysis enabled us to provide a unique gene expression profile for single tumor cells. We were also able to show that significant fluctuations in gene expression occur in single cells [8] that are probably dependent on the cell cycle status or the timing of transcriptional activity in a given cell [19] . Therefore, gene expression profiles from single cells have to be analyzed statistically by combining single cell expression patterns from several cells and interpreting them in semiquantative way. In addition, information about the simultaneous expression of several genes in a given cell can be gathered. To this end, we have modified our original assay by combining global polyA-PCR with specific PCR for the detection of specific genes [20] . This eliminates the problems inherent to conventional Southern blot hybridizations with 3' probes, i.e., unspecific hybridization, lack of
Summary
We have developed single cell PCR assays for the detection of specific genomic DNA sequences, e.g., oncogenes and immune receptor genes, as well as gene expression in single tumour cells of Hodgkin's disease. These studies were initiated to gather information on the molecular events underlying this still enigmatic disease. The cell selection process has been optimized with regard to the staining of H & RS cells. EBV-studies have proven the specificity of the H & RS cell selection. The information derived from gene expression studies revealed pronounced molecular heterogeneity between different cases as well as significant fluctuations in gene expression from cells of the same cases [11] . These studies will be extended to the analysis of cytokine gene expression in single H&RS cells. Whereas we did not find rearrangements of the IgH genes in single H&RS cells [12] , groups using cells isolated from sections [22, 23] or suspensions prepared from paraffin-embedded sections [24] reported on monoclonal and polyclonal rearrangements in single H&RS cells. These conflicting results may either be due to technical factors inherent to the cell selection process and/or the PCR-system or may be due to biological differences between the cases chosen for analysis. We therefore propose the exchange of samples between the different groups currently working in the field. Despite these controversies on the topic of IgH rearrangement the technique of single cell PCR itself that was first presented at the last Cologne Symposium in 1991 [18] has emerged into one of the most promising technical advances in the study of Hodgkin's disease. PolyA-PCR generates a smear between 300 and 800 bp size that corresponds to a mixture of different cDNAs present in the original sample.
